It is unclear whether 8-hydroxydeoxyguanosine (8-OH-dG) is produced from 1-NP and whether it contributes to the carcinogenic activity of 1-NP. In this study, we measured the level of reactive oxygen species (ROS) in cultured human lung epithelial cells after exposure to 1-NP and the intracellular level of 8-OH-dG and expression level of the 8-OH-dG repair enzymes. As results, 1-NP induced the generation of 8-OH-dG via ROS, but 8-OH-dG repair enzymes prevented an increase of 8-OH-dG formation in cellular DNA of the A549 cell line below 250 µM of 1-NP. These data suggest that 1-NP can induce oxidative DNA damage by generation of ROS, which may play a role in the carcinogenesis induced by 1-NP. These data also suggest that individuals with impaired DNA repair enzymes might be more susceptible to lung cancer induced by 1-NP. (J Occup Health 2005; 47: 261-266) 
Nitropyrenes (NPs) are present in diesel and gasoline emissions and in the urban atmosphere 1, 2) ; 1-nitropyrene (1-NP) is the most prevalent NP 1) . Tokiwa et al. reported the presence of 1-NP in lung specimens of lung cancer patients caused by inhaling soot from the combustion of coal and heavy oil used for cooking and indoor heating 3) . NPs are mutagenic and carcinogenic in experimental animals and possibly in humans as well 1) . However, the mechanisms responsible for its carcinogenic effects are unknown.
NPs are known to be metabolized by ring oxidation and nitro-reduction 4) . Some metabolic intermediates formed by the nitro-reduction of 1-NP, including 1-nitrosopyrene, can induce oxidative stress 5) . However, it is unclear whether exposure to 1-NP increases 8-hydroxydeoxyguanosine (8-OH-dG) levels in the human body. Djuric et al. found oxidative DNA damage in rats treated with 1, 6-dinitropyrene 6) . Ohnishi et al. also demonstrated that 1-nitrosopyrene induced formation of 8-OH-dG in the presence of NADH and Cu (II) 5) . On the other hand, 1-NP did not affect the levels of 8-OH-dG in the rat mammary gland 7) and in mice 8) . 8-OH-dG is one of the major products of DNA modification by oxygen radicals and has been proposed as a good biomarker of oxidative DNA damage 9) . However, living cells contain many types of systems for repairing 8-OH-dG 10) . Among them, the human oxoguanine glycosylase (hOGG1) gene located on chromosome 3p25 encodes an 8-OH-Gua DNA glycosylase/AP lyase with the capacity to excise this oxidized guanine from DNA. The OGG1 protein initiates the base excision repair (BER) process by recognizing and excising the modified base 11) . The resultant abasic (AP) site is a substrate for AP endonuclease (APEX) which hydrolyses the phosphodiester bond 5' to the AP site, generating a 5'-deoxyribose phosphate (dRP) 12) . Repair then proceeds primarily through the short-patch pathway in which DNA polymerase β both inserts a single nucleotide into the repair gap and removes the dRP residue before completion of repair by DNA ligase [13] [14] [15] [16] . Therefore, to evaluate whether 8-OH-dG is produced by 1-NP, one should evaluate both the expression level of the repair enzymes and the level of 8-OH-dG.
We evaluated the generation of reactive oxygen species (ROS) in cultured human lung epithelial cells in response to exposure to 1-NP, and we measured the intracellular level of 8-OH-dG and the expression levels of the repair enzymes for 8-OH-dG, hOGG1 and APEX. We also measured the level of 8-OH-dG in a culture medium of 1-NP treated human lung epithelial cells.
Materials and Methods

Cell Culture and Chemical Treatment
The A549 cell line, which is derived from human lung epithelial cells, was cultured in RPMI-1640 medium (Gibco BRL, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, 100 units/ ml penicillin, and 100 µg/ml streptomycin at 37°C in a humidified incubator under 5% CO 2 in air. Each culture dish contained 2 × 10 6 cells. Cells were starved in serumfree medium for 12 h before being treated with 1-NP (Sigma, St. Louis, MO). 1-NP was dissolved in DMSO to a concentration of 50 mM, and this stock solution was added to the cell suspensions to give final concentrations from 62.5 to 500 µM. For the negative control cells, DMSO or saline were added to cells without 1-NP instead of the stock solution.
Cytotoxicity Test by MTT Assay
Cytotoxicity was estimated by a modification of the MTT assay 17) . Briefly, cells were plated in 96-well, flatbottomed microplates (Nunc, Roskilde, Denmark) at a density of approximately 2.5 × 10 4 cells/well in a medium containing 10% FBS. Twenty-four hours after the plating, the 1-NP was added in fresh media. After incubations of 6, 12 and 24 h, the media were replaced with MTT [3-(4 ,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Sigma) dissolved at a final concentration of 1 mg/ml in serum-free, phenol red-free RPMI (Gibco BRL), for a further four-hour incubation. The MTT-formazan was solubilized in isopropanol, and the optical density measured at a wavelength of 550 nm.
Dichlorofluorescein (DCF) Assay for ROS Generation
ROS generation was measured by the DCF assay using a minor modification of the method described by Wang et al 18) . Viable cells (10 4 /well) were plated into black 96-well culture plates (Nunc, Roskilde, Denmark) and starved overnight. On the next day, the medium was removed from each well and the cells were washed with Krebs-Ringer buffer (118 mM NaCl, 25 mM NaHCO 3 , 1.5 mM CaCl 2 , 4.7 mM KCl, 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 11.5 mM glucose, 0.833 mM EDTA), then incubated with 100 µM dichlorofluorescein diacetate (DCFH-DA) (Sigma) in loading medium (99% RPMI-1640 and 1% FBS) at 37 °C for 30 min. The DCFH-DA was removed and the cells were incubated with KrebsRinger buffer containing various concentrations of 1-NP. The fluorescence of each well was measured using a microplate fluorescence reader (Tecan, Hombrechtikon, Switzerland).
The temperature was maintained at 37°C, and the excitation and emission wavelengths were 485 and 530 nm, respectively. The percent increase in fluorescence was calculated by the formula [(F 30 -F 0 )/ F 30 × 100], where F 30 is fluorescence at time 30 min and F 0 is fluorescence at time 0 min.
DNA Isolation and Measurement of 8-Hydroxydeoxyguanosine
The level of 8-OH-dG was measured in A549 cells using an 8-OH-dG ELISA kit (Jaica, Shizuoka, Japan) after 24 h exposure to various concentrations of 1-NP. Briefly, DNA was extracted from 1-NP treated cells using the DNA Extractor WB kit (Wako, Osaka, Japan), digested with P1 nuclease (Sigma), treated with alkaline phosphatase (Sigma) at 37°C for 1 h, and centrifuged; the ELISA was performed according to the manufacturer's instruction.
Immunoblotting
The expressions of the repair enzymes of 8-OH-dG, hOGG1 and APEX proteins, were measured via SDSpolyacrylamide gel electrophoresis (PAGE) 19) and western blotting 20) . Twenty microliters of proteins extracted from 1-NP treated A549 cells were separated on SDS-PAGE (10% polyacrylamide) and transferred onto PVDF membranes (Amersham, Buckinghamshire, UK) using a semi-dryer system (BIO-RAD, Hercules, CA). Blots were immunolabeled with anti-hOGG1, and anti-APEX polyclonal antibody (Alpha Diagnostic, San Antonio, TX). Anti-GAPDH antibody (Labfrontier, Seoul, Korea) was used as an internal standard. Bound antibodies were detected using horseradish peroxidase-conjugated goat a n t i -r a b b i t I g G ( A m e r s h a m ) a n d a n electrochemiluminescence detection system (Amersham Pharmacia Biotech) according to the manufacturer's instructions. The intensities of the bands were quantified with photodensitometry (Roche Diagnostics, Basel, Switzerland).
Measurement of 8-Hydroxydeoxyguanosine in Cell Culture Medium
The level of 8-OH-dG was measured using an 8-OHdG ELISA kit (Jaica) in the culture medium in which A549 cells were treated with various concentrations of 1-NP. Cells were seeded in 60 mm culture dishes at a density designed to reach 70-80% confluence at the time of assay. Forty-eight hours after seeding, cells were treated with various concentrations of 1-NP. After 24 h of treatment, 1 ml of the culture medium was collected into a 1.5 ml microcentrifuge tube and centrifuged at 2,000 × g for 10 min. Fifty microliters of the supernatant were applied to the 8-OH-dG ELISA kit to measure the 8-OH-dG levels.
Statistical analysis
The Wilcoxon rank sum test was used to compare the mean 8-OH-dG levels of the controls and each exposure group. Pearson's correlation coefficients were estimated for ROS content and various doses of 1-NP or hydrogen peroxide.
Results
Effect of 1-NP on Cell Viability
To determine the optimal concentrations of 1-NP, we used the MTT assay to evaluate the viability of A549 cells after 24 h exposure to concentrations of 1-NP ranging from 62.5 to 1,000 µM (Fig. 1) . At all 1-NP concentrations tested, more than 50% of A549 cells were viable. We used concentrations ranging from 62.5 to 500 µM in this study.
ROS Generation
To test the validity of the DCF assay in the A549 cell line, we used hydrogen peroxide (H 2 O 2 ) as a positive control. The increase in fluorescence was linearly correlated (R=0.978, p<0.001) with the concentration of H 2 O 2 in the range 0.5-16 mM (Fig. 2) , indicating that the DCF assay is appropriate for the evaluation of ROS generation in A549 cells. Figure 3 shows the concentration-response relationship of A549 cells exposed to 1-NP. The fluorescence increased linearly with 1-NP concentration (R=0.993, p<0.01).
The Level of 8-OH-dG in A549 Cells Treated with 1-NP
We evaluated the level of 8-OH-dG in 1-NP treated A549 cells. Exposure to 1-NP at 250 µM or less did not significantly alter the level of 8-OH-dG; however, exposure of cells to 500 µM of 1-NP increased the level of 8-OH-dG to 24% above the level in negative control cells (p<0.01, Fig. 4) .
Expression of 8-OH-dG Repair Enzymes
We investigated the expression levels of hOGG1 and APEX proteins, which are involved in repair of 8-OH- dG, after cells were exposed to various concentrations of 1-NP. The level of hOGG1 and APEX proteins increased significantly with increasing concentrations of 1-NP (Figs. 5, 6 ).
The Level of 8-OH-dG in Culture Medium
We measured the level of 8-OH-dG in the culture 
Discussion
We evaluated the oxidative stress induced by exposure to 1-NP in a cultured human lung epithelial cell line. In the DCF assay, exposure to 1-NP increased the fluorescence in proportion to the concentration of 1-NP. These results suggest that 1-NP induces the generation of ROS in A549 cells.
DNA is an important target for ROS, and ROS can cause various DNA damage patterns 21) . 8-OH-dG is the predominant form of radical-induced lesion to DNA and has been widely used as a biomarker for oxidative stress of cellular DNA 9) . We evaluated the level of 8-OH-dG in cellular DNA of A549 cells treated with 1-NP. The level of 8-OH-dG did not change with exposure to increasing concentrations of 1-NP up to 250 µM and increased slightly in cells exposed to 500 µM 1-NP.
This result is consistent with those of El-Bayoumy et al. 7) and Tokiwa et al. 8) who reported that 1-NP treatment did not increase 8-OH-dG levels in rat mammary glands or in mice lung tissue. However, we cannot rule out the possibility that the 8-OH-dG produced upon exposure to 1-NP is removed by repair enzymes such as hOGG1 and APEX. To study this possibility, we evaluated the expression of the repair enzymes for intracellular 8-OHdG, hOGG1 and APEX enzymes, and found that the expression of hOGG1 and APEX enzymes increased linearly in proportion to the concentration of 1-NP. These results suggest that the repair mechanism of these enzymes prevents an increase in 8-OH-dG formation in cellular DNA below 250 µM 1-NP, and that excessive generation of ROS exceeds the capacity for DNA repair, resulting in a slight increase in 8-OH-dG.
Furthermore, excretion of 8-OH-dG into the culture medium increased with exposure to 1-NP concentrations of up to 125 µM, but above 250 µM a plateau was reached, in this study. This result may support the hypothesis described above. Excised 8-OH-dG should be excreted from the cell, thus, the concentration of 8-OH-dG in the cell culture medium should reflect the level of cumulative 8-OH-dG excised by the repair enzymes 22) . These data suggest that 1-NP induces oxidative DNA damage by the generation of ROS, which may play a role in the carcinogenesis induced by 1-NP. These data also suggest that individuals with impaired DNA repair enzymes might be more susceptible to lung cancer induced by 1-NP exposure.
In conclusion, our study shows that 1-NP induces the generation of 8-OH-dG via ROS, but that 8-OH-dG repair enzymes prevent an increase in 8-OH-dG formation in cellular DNA of the A549 cell line below a certain concentration of 1-NP.
